Abstract Polyploidy (whole-genome duplication, WGD) is an integral feature of eukaryotic evolution with two main forms typically recognized, autopolyploidy and allopolyploidy. In plants, a growing body of research contradicts historical assumptions that autopolyploidy is both infrequent and inconsequential in comparison to allopolyploidy. However, the legacy of these assumptions still persists through a lack of research on central facets of autopolyploid evolution. This review highlights recent research that has significantly increased scientific understanding of autopolyploidy. Key advances include: 1) unreduced female gametes contribute disproportionally to polyploidization through the formation of triploids, 2) niche divergence in autopolyploids can occur immediately or gradually after WGD through a diverse set of mechanisms, but broad niche overlap is also common between diploids and autopolyploids, and 3) the degree of genomic and transcriptomic changes following WGD is lower in autopolyploids than allopolyploids, but is highly variable both within and between species in both types of polyploids. We discuss the implications of these and other recent findings, present promising systems for future research, and advocate for expanded research in diverse areas of autopolyploid evolution.
Introduction
Polyploidy, defined as the possession of three or more sets of homologous chromosomes following whole-genome duplication (WGD), occurs in all major eukaryotic lineages and is extraordinarily common among land plants (Leitch & Bennett, 1997; Otto & Whitton, 2000; Husband et al., 2013) . This is true in terms of both ancient polyploidy-all seed plants and all angiosperms are descendants of common polyploid ancestors (Jiao et al., 2011 )-and recent polyploidy, which occurs most frequently in ferns, lycophytes, and flowering plants (Wood et al., 2009 ). The evolutionary consequences of polyploidy are numerous and dynamic (reviewed in Ramsey & Schemske, 2002; Comai, 2005; Otto, 2007; Wendel, 2015; Barker et al., 2016; Soltis et al., 2016b) . Immediately after WGD, newly formed polyploids (neopolyploids) experience strong reproductive isolation from their diploid progenitors (M€ untzing, 1936) . WGD also drives rapid alterations of gene expression (through dosage effects, novel allele combinations, and epigenetic patterning) (Comai, 2005; Buggs et al., 2014) , which result in altered phenotypes or increased phenotypic variation (Ramsey & Schemske, 2002; Adams & Wendel, 2005; Chen, 2007) .
In the long term, duplicated genetic material can experience multiple fates. Many duplicated genes are lost or silenced over time, but some are maintained and evolve new functions (neofunctionalization) or more specific functions (subfunctionalization) (Lynch, 2004; Doyle et al., 2008; Soltis et al., 2015) . These processes are capable of producing remarkable biological novelty (Levin, 1983; Flagel & Wendel, 2009; Soltis et al., 2014; , such as the enzymatic pathways that produce glucosinolate compounds in Brassicales (Edger et al., 2015; van den Bergh et al., 2016) . Given the near ubiquity of ancient or recent polyploidy among some of the most species-rich plant clades Tank et al., 2015) , a comprehensive understanding of the causes and consequences of polyploidy is vital to understanding the evolution of these organisms.
The two commonly recognized forms of polyploidy are autopolyploidy and allopolyploidy. These two forms represent the ends of a continuum-segmental allopolyploids are recognized as an intermediate form between true autopolyploidy and allopolyploidy (Stebbins, 1950) -that has been defined using multiple criteria (Stebbins, 1947 (Stebbins, , 1950 Grant, 1981) . Taxonomically, WGD within a species will generate an autopolyploid lineage, whereas WGD coupled with hybridization between species will generate an allopolyploid lineage. Genetically, autopolyploids possess a genome with multiple sets of homologous chromosomes, resulting in polysomic inheritance. Allopolyploids possess a genome with multiple sets of homoeologous chromosomes, each corresponding to a separate parental subgenome, resulting in disomic inheritance. Segmental allopolyploids form when the divergence between parental genomes is intermediate or heterogeneous, resulting in a polyploid genome in which certain chromosomes or segments of chromosomes pair randomly as homologs during meiosis, while others pair separately as homoeologs (Stebbins, 1947 (Stebbins, , 1950 . Segmental allopolyploids can also arise from typical allopolyploids as a result of compensated aneuploidy, where monosomy or nullisomy of one chromosome is compensated by trisomy or tetrasomy of its respective homoeologous chromosome. In cases of compensated nullisomy-tetrasomy, chromosomes in the tetrasomic set will pair randomly as homologs during meiosis, while the other chromosome sets will maintain their homoeologous relationship (Xiong et al., 2011) . Extensive compensated aneuploidy has been observed during the neopolyploid stage of Brassica napus, Tragopogon mirus, and Tragopogon miscellus (Xiong et al., 2011; Chester et al., 2012 Chester et al., , 2015 .
Allopolyploidy was historically thought to be the more common and significant form of polyploidy for multiple reasons. First, the morphology of allopolyploids often differs from their diploid parents. This has led to a higher rate of taxonomic recognition of allopolyploids than of autopolyploids, which are often morphologically similar to their progenitors and can be detected only through cytological examination (e.g., microscopy or flow cytometry) (Soltis et al., 2007; Barker et al., 2015) . Most species, especially those with tropical distributions, remain understudied with regard to genome size and polyploidy (Husband et al., 2013) . Some researchers have attempted to determine the approximate prevalence of autopolyploidy and allopolyploidy through analysis of unreduced gamete formation or available data from chromosome counts, flow cytometry, and phylogenetic reconstruction; for example, Ramsey & Schemske (1998) and Barker et al. (2015) , who both estimated that autopolyploids and allopolyploids occur at similar rates. Unfortunately, these methods are not always consistent in their results (Doyle & Sherman-Broyles, 2017) , so the true prevalence of autopolyploidy and allopolyploidy will likely remain a point of debate until taxonomic and geographic sampling of genome sizes has vastly improved. However, it is abundantly clear that neither form of polyploidy is rare, and that both forms have widespread and important evolutionary impacts Comai, 2005; Parisod et al., 2010b) .
Second, the deleterious effects of autopolyploidy were long considered to be much more pronounced than those experienced by allopolyploids. Allopolyploids are expected to experience fixed heterozygosity between homoeologous alleles maintained by disomic inheritance. In contrast, autopolyploids are expected to suffer from the deleterious effects of multivalent pairing between three or more homologous chromosomes, which often results in reduced fertility via the production of inviable aneuploid gametes (Ramsey & Schemske, 2002) . However, more recent investigations of meiosis in many auto-and allopolyploid species have shown that aberrant meiosis, particularly multivalent pairing, affects both auto-and allopolyploids during the neopolyploid stage (Parisod et al., 2010b; Zhang et al., 2013; Lloyd & Bomblies, 2016) . Polysomic inheritance in autopolyploids can also lead to a loss of heterozygosity in the absence of gene flow from other polyploid mating partners, although the rate at which selfing degrades heterozygosity is lower in autopolyploids than in diploids. Furthermore, inbreeding depression in autopolyploids should either be lower than or similar to that of diploids, depending on the theoretical mechanism that causes inbreeding depression (Ramsey & Schemske, 2002; Parisod et al., 2010b) . These predictions have been supported in many autopolyploid species-particularly in neopolyploids (reviewed in Ramsey & Schemske, 2002) , but there are also many cases in which higher inbreeding depression is observed in autopolyploids than in diploids (e.g., Busbice & Wilsie, 1966; Dewey, 1966; Hecker, 1972; Johnston & Schoen, 1996) . Importantly, many other disadvantages of autopolyploidy, including reduced fertility, minority cytotype exclusion (MCE) (Levin, 1975) , and competition with diploid progenitors, can be offset by selection for fertility (Ramsey & Schemske, 2002) , gene flow via unreduced (2n) gametes from diploid individuals (Bretagnolle & Thompson, 1995) , and biotic or abiotic niche shifts in autopolyploids (e.g., Kennedy et al., 2006; Ramsey, 2011; Visger et al., 2016) .
Historically, the fact that autopolyploids appeared to be much less common than allopolyploids, and the assumption that they experience more inherent disadvantages than allopolyploids, led many researchers to view autopolyploidy as an evolutionary dead-end, rarely leading to successful establishment, much less eventual diversification (M€ untzing, 1936; Stebbins, 1947) . This view has largely disappeared, but historical biases about the evolutionary potential of autopolyploids have left a legacy of scientific neglect. As a result, the current body of research on allopolyploids is still far broader and deeper than that of autopolyploids (Fig. 1 ). Allopolyploids Fig. 1 . Number of publications on the topics of auto-and allopolyploidy between 1986 and 2016. Scientific interest in both auto-and allopolyploidy is accelerating, but published research on allopolyploids is far outpacing that of autopolyploids. The lines of best fit were generated via locally weighted scatterplot smoothing (LOWESS) in R (R Core Team, 2016) . This figure was generated with the results of "autopolyploid" and "allopolyploid" topic queries in Web of Science (Thompson Reuters Corporation, Manhattan).
in Arabidopsis, Brassica, Tragopogon, Gossypium, Spartina, and Triticum have been used to investigate the immediate and long-term genetic, epigenetic, genomic, proteomic, physiological, morphological, and ecological effects of WGD, as well as to explore the role of allopolyploidy in speciation, domestication, and invasion (reviews of these species and topics include: Madlung, 2013; A€ ınouche & Wendel, 2014; Bomblies & Madlung, 2014; Renny-Byfield & Wendel, 2014; Yoo et al., 2014; Song & Chen, 2015; Soltis et al., 2016a) . Comparable research in autopolyploids is sparse, however, and disparate fields of inquiry are rarely addressed within the same autopolyploid research system.
We are not the first to note the relative deficiency of research on autopolyploids, nor the first to encourage renewed interest in the field. Previous reviews have called for increased examination of the similarities and differences between auto-and allopolyploidy (M€ untzing, 1936; Ramsey & Schemske, 1998; Ramsey & Schemske, 2002) . Factors that influence autopolyploid formation and establishment (Soltis et al., 2010) , differentiation between diploids and autopolyploids (Soltis et al., 2007) , and the role that the specific meiotic and genomic attributes of polyploids play in their evolutionary success (Parisod, 2010b) have all been addressed, but in relatively few biological systems. Fortunately, scientific interest in autopolyploidy has increased, particularly within the last decade. Here, we review recent research that addresses key questions about the origins, characteristics, and fate of autopolyploid plant lineages. Specifically, we discuss new studies of unreduced gametes and their role in autopolyploid formation and establishment, the scope of niche differentiation between diploids and autopolyploids, genomic and transcriptomic differences between auto-and allopolyploids, and detection of ancient autopolyploidy in plant genomes. Much of this research has been enabled by recent advances in genomic, cytological, or computational techniques. Our goals are to answer longstanding questions about autopolyploidy, propose new directions of autopolyploid research that utilize current and developing scientific tools, and highlight promising biological systems for future research.
Insights from Unreduced Gametes

Autopolyploid formation
The formation and establishment of new polyploid lineages is perhaps the most poorly understood aspect of polyploid evolution. The vast majority of polyploids are thought to arise through the union of unreduced (2n) gametes (Harlan & DeWet, 1975) . While synthetic polyploids have been produced through chemically induced somatic genome doubling-this method has long been used in the breeding of ornamental and food crop species (Stebbins, 1956 )-this ephemeral event is rarely observed in nature, and there are only a few wellstudied, very young polyploid research systems (Soltis et al., 2016b) . These systems, which include Spartina anglica, Senecio cambrensis, Tragopogon mirus, and Tragopogon miscellus, are exclusively allopolyploid. The identification and study of similarly young, naturally formed autopolyploid systems, as well as the use of resynthesized autopolyploids, will be critical to fill in this fundamental scientific gap.
In theory, the combined challenges of MCE, meiotic abnormalities, and competition with diploids probably drive most nascent auto-and allopolyploid lineages to extinction (Arrigo & Barker, 2012) . The factors that promote polyploid establishment are likely those that either increase the rate of polyploid formation (e.g., increased production of unreduced gametes; Oswald & Nuismer, 2011b) , demographically favor fixation of the polyploid cytotype (e.g., low diploid population size; Felber, 1991) , or allow polyploids to escape MCE and competition with diploids (e.g., self-compatibility or niche shifts; Fowler & Levin, 1984; Barringer, 2007) . In autopolyploids, most of these factors have not received as much empirical examination as the production of unreduced gametes. Unreduced gamete formation should correlate directly with the rate of autopolyploid formation in sexually reproducing organisms, because, unlike allopolyploids, they do not depend on a contact zone between two different taxa in order to form. The effects of environmental factors (particularly extreme heat and cold) and genotype on unreduced gamete formation are well characterized (reviewed in Mason & Pires, 2015) , and researchers have also identified many specific genes that either directly or indirectly impact meiotic reduction (reviewed in Brownfield & K€ ohler, 2011; Crismani et al., 2013) . Unreduced gamete production also increases in cases of relaxed selection of gametic viability, as in organisms with asexual reproductive strategies (Kreiner et al., 2017) .
Quantitatively, much of what is known about unreduced gamete formation comes from examination of pollen, both via microscopy, or, more recently, through flow cytometry (Kron & Husband, 2015) . While it is easier to isolate and quantify unreduced pollen than eggs, unreduced eggs may actually play a larger role in the formation of new autopolyploids. For example, indirect evidence from experimental crosses in Achillea borealis showed that variation in the rate of unreduced pollen production had no statistical impact on the ploidy of the progeny (Ramsey, 2007) , and triploid progeny in Dioscorea alata and Turnera sidoides were only produced in cases where the egg was unreduced (N emorin et al., 2013; Kovalsky & Neffa, 2016) . These findings are particularly notable due to the strong influence triploids are thought to play in the formation of autopolyploid lineages (i.e., the 'triploid bridge'); triploids often have reduced fertility (K€ ohler et al., 2010) , but they frequently produce high proportions of unreduced gametes that can increase the probability of forming new tetraploids (Ramsey & Schemske, 1998) . Stable autotriploid lineages also occur in ferns and angiosperms and are frequently characterized by asexual reproductive habits (Whitton et al., 2008) .
Although screening for non-reduction in eggs is not as efficient as in pollen, experimental crosses to tetraploid pollen donors or separate flow cytometry of seed endosperm and embryos (as in Kovalsky & Neffa, 2016) can and should be used in future investigations of unreduced gametes. Furthermore, simultaneous quantification of unreduced pollen and egg formation under specific environmental stresses or in other experimental contexts would be an invaluable resource in assessing 1) the extent to which unreduced egg and pollen production are correlated, and 2) the probability of unilateral (2n þ n ¼ 3n) or bilateral (2n þ 2n ¼ 4n) sexual polyploidization in a given system. In ferns, unreduced spore production has been inferred (Gastony, 1986) , and even used experimentally (Rabe & Haufler, 1992) , as a pathway to WGD. Like angiosperm pollen, fern spores are easily isolated, and both mega-and microspores in heterosporous ferns and the single spore type in homosporous ferns can be assayed for meiotic nonreduction directly through flow cytometry (Kuo et al., 2016) or indirectly through flow cytometry of gametophytes following spore germination. Analyzing genome size in both spores and gametophytes from the same set of individuals would comprise a simple way to estimate both unreduced spore formation and the relative viability of unreduced gametophytes. Similar analyses can be performed on angiosperm pollen through flow cytometry of germinated and ungerminated pollen (as in Dewitte et al., 2009) . Quantifying the viability of unreduced gametes is as important as quantifying their rate of production when estimating their potential contribution to WGD, yet specific measures of unreduced gamete viability are rare. We strongly encourage researchers to address this aspect of polyploid evolution in future studies involving unreduced gamete formation, particularly in angiosperm and fern species with documented in vitro pollen or spore germination methods (e.g., Arabidopsis thaliana, Boavida & McCormick, 2007; Cryptogramma crispa, Pangua et al., 1999) .
While sexual polyploidization via unreduced gametes is thought to be the primary pathway to autopolyploidy in nature, it is similar to somatic polyploidization followed by sexual reproduction (Harlan & DeWet, 1975; Watanabe et al., 1991) . In the latter scenario, a diploid plant may produce a tetraploid sport that successfully produces reproductive structures and either 1) produces tetraploid offspring through selfing, or 2) produces triploid offspring through outcrossing or geitonogamous selfing with a diploid segment of the same plant. In contrast to polyploidization via unreduced gametes, this pathway has the potential to produce many polyploid offspring from a single selfing individual, although the heterozygosity of the offspring will likely be considerably less than that of autopolyploids formed via the fusion of unreduced gametes from different individuals. While both somatic and sexual polyploidization are occasionally observed -mostly in agricultural or breeding contexts (e.g., Dermen, 1951; Bretagnolle & Lumaret, 1995; Hutten et al., 1995; Zonneveld & Pollock, 2012 ) -the true prevalence of either pathway is unknown. One method to assess the probability of autopolyploidization through somatic doubling or unreduced gametes simultaneously in a given system would be to couple measures of unreduced gamete formation with flow cytometry of multiple tissue samples per plant.
Gene flow between cytotypes
Once a new autopolyploid has formed in an otherwise diploid population, unreduced gametes may also play a role in facilitating polyploid establishment by contributing to gene flow from diploid to polyploid individuals. This process can enhance the genetic diversity of a nascent polyploid population and potentially mitigate the consequences of inbreeding among a small number of autopolyploids (Bretagnolle & Thompson, 1995) . The evolutionary importance of gene flow between diploids and tetraploids was noted by Stebbins (1971) , and the contributions of intercytotype gene flow on genetic diversity have since been reported in autopolyploid Dactylorhiza maculata (Ståhl-berg, 2009), Houstonia (Glennon & Church, 2015) , and Larrea tridentata (Laport et al., 2016) . Selection on new autopolyploids may therefore be complex, with potentially opposing pressures-complete reproductive isolation from diploid progenitors (through prezygotic or postzygotic mechanisms) will counteract the deleterious effects of MCE by preventing often-unsuccessful intercytotype mating, but maintaining reproductive overlap with diploids may provide the benefit of increased genetic diversity through rare introgression via unreduced gametes.
While most autopolyploid complexes comprise only tetraploids, occasional triploids, and diploid progenitors, some taxa comprise multiple cytotypes above the tetraploid level. For example, Aster occidentalis and Panicum virgatum each have a range of naturally occurring autopolyploid cytotypes between the diploid and dodecaploid (12x) levels (Church, 1940; Allen et al., 1983) . In some species, there is less postzygotic reproductive isolation between these higher-ploidy cytotypes than between diploid and tetraploid cytotypes. This has been observed in Campanula rotundifolia (Sutherland & Galloway, 2017) and Senecio carniolicus (Sonnleitner et al., 2013) , where crosses between hexaploid and tetraploid individuals produced significantly more viable offspring than crosses between diploids and tetraploids. In these cases, gene flow can occur between ploidal levels without unreduced gametes, resulting in viable pentaploid offspring. In Gymnadenia conopsea, mating between different autopolyploid cytotypes, involving either reduced or unreduced gametes, has produced a complex set of cytotypes (4x, 6x, 8x, 10x, 12x) that often occur sympatrically (Tr avn ı cek et al., 2011).
The causes of reduced reproductive isolation among higherploidy cytotypes in these species is not well understood, but they may include ploidy-dependent dosage effects. In general, interploidy crosses disrupt the 2:1 maternal:paternal (2m:1p) ratio of the endosperm in the resulting seed. This often causes seed inviability in the offspring of crosses between diploids and tetraploids (2m:2p or 1m:4p endosperm ratio) (K€ ohler et al., 2010) , but intercytotype crosses between higher ploidal levels may result in endosperm ratios closer to 2:1 (e.g., 4m:3p or 3m:1p when crossing tetraploids and hexaploids) and, consequently, higher seed viability. The previously mentioned studies in Campanula rotundifolia and Senecio carniolicus are both consistent with this hypothesis (Sutherland & Galloway, 2017; Sonnleitner et al., 2013) .
Niche Differentiation between Diploids and Autopolyploids
Adaptation to new ecological niches is thought to allow polyploids to escape MCE and competition with their diploid progenitors (e.g., Rodriguez, 1996; Segraves et al., 1999; Fowler & Levin, 2016; Marchant et al., 2016; Visger et al., 2016) . The factors that enable polyploids to adapt to new niches are complex. Immediately after polyploid formation, changes like increased cell size can alter the physiological relationships between plants and their environment (Madlung, 2013) , and novel allelic combinations or changes to regulatory pathways can produce new, potentially advantageous phenotypic variation (Comai, 2005) . In the long term, selection can act on this novel variation, potentially allowing polyploids to expand into new niches.
Investigations of niche shifts in autopolyploids have largely focused on abiotic (e.g., climatic or edaphic) differentiation between cytotypes, and much of this research has been enabled by the availability of global climatic data (Hijmans et al., 2005) and soil maps (e.g., United States Geological Survey). Most studies address the common hypothesis that polyploids will evolve to occupy wider or more extreme ranges than their diploid progenitors (Husband et al., 2013) . Numerous studies of niche differentiation in autopolyploid complexes have supported this hypothesis (e.g., Baack & Stanton, 2005; Thompson et al., 2014; Arnold et al., 2015; H€ ulber et al., 2015; Liu et al., 2015; Visger et al., 2016) , but many others have found little to no abiotic niche differentiation between cytotypes (e.g., Godsoe et al., 2013; Casazza et al., 2016; Duchoslav et al., 2016) , including studies that compared different cytotypes in multiple species (Glennon et al., 2014) . Similarly, allopolyploids also show variable amounts of climatic niche divergence-and often broad niche overlap-when compared to their diploid progenitors (Marchant et al., 2016) .
Biotic niche divergence in autopolyploids remains very poorly studied, but some salient examples include the evolution of floral traits that promote assortative mating within cytotypes of Chamerion angustifolium (Kennedy et al., 2006) , differential herbivory among cytotypes in Heuchera grossulariifolia (Thompson et al., 2004) , and the association of specific mycorrhizal symbionts with different cytotypes of Gymnadenia conopsea (T e sitelov a et al., 2013). Furthermore, the mechanisms through which WGD affects these interactions are incredibly diverse; physiological effects such as altered growth rates or increased flower size, and genetic effects such as novel combinations of alleles can affect the interactions between autopolyploids and their community in complex ways (reviewed in Segraves, 2017) . These findings emphasize the need to consider both biotic and abiotic factors when investigating niche divergence between cytotypes. Assessing measures of biotic niche divergence, such as symbiotic associations or defenses against herbivory and pathogens, in systems whose abiotic niches are already well characterized would greatly increase our understanding of the role that niche divergence plays in the long-term success of autopolyploid lineages.
Molecular Comparisons of Auto-and Allopolyploidy
Allopolyploidy is frequently associated with rapid change throughout the genome, including aneuploidy and chromosomal translocations, which occur relatively quickly after WGD (Xiong et al., 2011; Chester et al., 2012; Zhang et al., 2013) . Although older allopolyploid genomes are typically characterized by chromosomal additivity, or near-additivity, with respect to their diploid parental species, they also frequently reveal evidence of past chromosomal rearrangements through the presence of fixed homoeologous translocations (Pontes et al., 2004; Udall et al., 2005; Berkman et al., 2012; Mavrodiev et al., 2015) . Allopolyploids also experience widespread gene loss, changes in levels of gene expression, gene silencing, changes to histone modification and DNA methylation, and transposon activation (Madlung et al., 2002; Comai et al., 2003; Adams & Wendel, 2005; Chen & Tian, 2007; Buggs et al., 2009 Buggs et al., , 2011 Parisod et al., 2010a) . Examining similar genetic and genomic disruptions in autopolyploids will be a key step in delineating the individual contributions of WGD and hybridization to these changes in allopolyploids.
Similar research in autopolyploids is limited, but revealing. A small body of research seems to corroborate the hypothesis that autopolyploids experience fewer, or less severe, genetic and genomic alterations than allopolyploids due to the absence of hybridization. Unfortunately, few experiments have addressed this topic with direct comparisons between closely related auto-and allopolyploid species. By far, most of the studies that compare related auto-and allopolyploids have focused on Arabidopsis. For instance, Bento et al. (2015) compared levels of genomic restructuring between resynthesized A. thaliana autotetraploids and A. suecica allotetraploids and found a much higher loss of genetic material in the allotetraploids. Autotetraploid A. thaliana also shows less proteomic differentiation than A. suecica when compared to diploid progenitors (Ng et al., 2012 ; see del Pozo & RamirezParra, 2015 for a thorough review of polyploidy in Arabidopsis).
Comparisons of transposon activation in auto-and allopolyploids are rare, but one such study in Biscutella laevigata found that levels of transposable element reorganization and proliferation following autopolyploid formation were comparable to those in Biscutella allopolyploids (Bardil et al., 2015) .
While the magnitude of genomic, transcriptomic, and proteomic alterations is likely lower in autopolyploids than in closely related allopolyploids, these alterations appear to vary considerably within autopolyploids as well. For instance, the effects of WGD on expression (measured as the proportion of genes that are differentially expressed between diploids and resynthesized autopolyploids) vary from relatively minor differences between diploids and tetraploids in species such as Paspalum notatum (0.49% of genes differentially expressed, assayed via differential display transcript profiling) to large differences between diploids and tetraploids in Solanum tuberosum (>10% of genes differentially expressed, assayed via cDNA microarray) and between diploids, tetraploids, and hexaploids in Zea mays (>26% of genes differentially expressed, assayed via mass-spectrometry and two-dimensional difference gel electrophoresis) (Martelotto et al., 2005; Stupar et al., 2007; Yao et al., 2011) . Differential expression between an autopolyploid and its diploid progenitor can also vary considerably within a species. For example, patterns of differential expression in resynthesized autotetraploid Arabidopsis thaliana are significantly affected by both the genotype of the diploid progenitor (Yu et al., 2010 ) and the environmental conditions in which the plants are grown (del Pozo & Ramirez-Parra, 2014) . While the studies referenced above reflect widespread and variable manifestations of differential expression in autopolyploids, the variety of methods used to infer differential expression make it difficult to compare results across studies. More research using consistent methodology is needed to determine how much of the previously observed variation in differential expression between autopolyploid species is real and not an artefact of differing methodological and statistical sensitivity. Tyrl, 1975; Ramsey, 2007 Ramsey, , 2011 Arabidopsis arenosa Example of polyploid recolonization after glaciation Manton, 1934; Tremetsberger et al., 2002; Parisod & Besnard, 2007 Chamerion angustifolium
Yes Yes
Yes Abiotic (water availability), biotic (pollination) Large ecological research base Husband & Schemske, 1998; Husband, 2004; Husband et al., 2008 Dactylis glomerata
Unknown
Yes
Large ecological and agricultural research base Zohary & Nur, 1959; Lumaret & Borrill, 1988; Bretagnolle & Lumaret, 1995 Nesom, 1983; Burton & Husband, 1999; Johnson et al., 2003; Servick et al., 2015 Gymnadenia conopsea Segraves et al., 1999; Thompson et al., 2004; Oswald & Nuismer, 2011a Medicago sativa
Yes Yes Yes
Broad agricultural research base, extensive germplasm resources Pfeiffer et al., 1980; Small & Bauchan, 1984; Havananda et al., 2010 Havananda et al., , 2011 Young et al., 2011; Tang et al., 2014 Senecio carniolicus Suda et al., 2007; Sonnleitner et al., 2016; Winkler et al., 2017 Tolmiea menziesii
Unlikely Unknown
No Abiotic (water availability) Soltis et al., 1989; Visger et al., 2016 Pure polyploidy
In both auto-and allopolyploids, genomic and transcriptomic changes contribute to novel phenotypic variability in neopolyploids (Ramsey & Schemske, 2002; Finigan et al., 2012) . In certain cases, these molecular changes can be linked to enhanced adaptation to stressful conditions, such as salt stress and drought in autotetraploid Arabidopsis thaliana (del Pozo & Ramirez-Parra, 2014) . Given the decreasing cost and increasing power of transcriptome sequencing technologies, including whole-transcript sequencing (Rhoads & Au, 2015) , we encourage researchers to apply these tools to a more diverse set of autopolyploid research systems, especially those with a history of ecological research. For instance, adaptation to dry dune habitats has been observed immediately after WGD in Achillea millefolium (Ramsey, 2011) . Similarly, autotetraploid Chamerion angustifolium tolerates drought better than diploids, but a comparison between natural autotetraploid and neotetraploid C. angustifolium showed that drought tolerance likely evolved through selection after the neopolyploid stage (Maherali et al., 2009) . Applying current transcriptomic analyses to diploids, natural autopolyploids, and synthetic neopolyploids in these systems could clarify how polyploids adapt at different points throughout the cycle of polyploid evolution (Soltis et al., 2016b) within an integrated ecological and molecular context.
Ancient Autopolyploidy
Increasingly sophisticated genomic techniques have enabled researchers to explore the features of not only young polyploids, but of ancient polyploids as well, including the characterization of past WGDs. Determining the phylogenetic position, age, and type (auto-or allopolyploid) of ancient WGDs has led to key discoveries, such as the polyploid ancestry of all seed plants (Jiao et al., 2011) and the temporal clustering of ancient WGDs around the Cretaceous-Paleogene extinction event (Fawcett et al., 2009; Lohaus & Van de Peer, 2016) . Similarly, identifying and characterizing ancient autopolyploidization events is a crucial step toward understanding the evolutionary fate of autopolyploids and their contributions to plant diversity.
Multiple molecular methods have been used to distinguish ancient allopolyploidy from ancient autopolyploidy, with only mixed success at best. One proposed method is based on detection of biased fractionation (uneven loss or silencing of duplicated genes between or among parental subgenomes) through analysis of genomic and transcriptomic data. Biased fractionation is indicative of allopolyploidy, where the genome of one parental species is typically dominant and experiences less fractionation following WGD (Mayfield-Jones et al., 2013) . Because autopolyploids lack distinct subgenomes, a lack of detectable biased fractionation has been considered evidence of ancient autopolyploidization (e.g., in Musa acuminata, Populus trichocarpa, and Glycine max) (Garsmeur et al., 2014) . However, unbiased fractionation is also possible in allopolyploid genomes, and using this criterion alone may, in some cases, falsely indicate a past autopolyploidization event (Mayfield-Jones et al., 2013) . Therefore, the absence of biased fractionation should not be considered informative when attempting to differentiate ancient allopolyploidy from ancient autopolyploidy. Autopolyploidy has also been inferred through coalescent modeling in Capsella bursa-pastoris (St. Onge et al., 2012) and through phylogenetic analysis of orthologous transcripts in the conifer Sequoia sempervirens (Scott et al., 2016) . Unfortunately, extensive genomic rearrangements after WGD, as well as more recent WGDs, can obscure the nature of an ancient WGD to a point where multiple lines of evidence either cannot resolve an auto-or allopolyploid origin or produce conflicting results (e.g., Chaintreuil et al., 2016) .
Conclusions and Future Directions
Autopolyploidy is a common evolutionary phenomenon with remarkable consequences, but our understanding of it has long lagged behind that of allopolyploidy. The study of autopolyploidy offers an opportunity to examine some of the most basic effects of WGD without the confounding effects of hybridization. As a result, a thorough understanding of autopolyploidy will also allow researchers to effectively disentangle the effects of WGD and hybridization in allopolyploids. Many of the questions that still surround autopolyploidy revolve around its true prevalence in nature and the full extent to which it contributes to diversity and speciation. Therefore, we encourage researchers to continue seeking out cryptic autopolyploid diversity, especially in geographic areas and plant lineages that remain poorly sampled. Such efforts are likely to identify autopolyploid research systems that will offer new insights into autopolyploid evolution.
In this review, we have highlighted some recent studies that address questions about the formation and establishment of autopolyploids, the ecological differences between autopolyploids and their progenitors, and key genomic differences between auto-and allopolyploids, and many of the findings presented here raise new questions that should guide future research. How do patterns of unreduced egg production vary with genotypic and environmental factors? How well does unreduced egg production correlate with unreduced pollen production? How does the viability of unreduced pollen, eggs, or spores vary among species or genotypes? Is maintaining gene flow with diploids necessary to maintain genetic diversity in young autopolyploid populations? When is expansion into new ecological niches essential for autopolyploid success? How do the genomes and transcriptomes of autopolyploids change during the entire course of polyploid evolution, and how idiosyncratic are these changes among autopolyploid taxa and among independent formations of an autopolyploid taxon? How many ancient WGDs arose from autopolyploidization, and how do the evolutionary fates of those WGDs compare to ancient allopolyploid WGDs?
Answering these questions will require a diverse set of autopolyploid research systems with several favorable characteristics. Systems with multiple extant cytotypes are crucial for any comparison of autopolyploids with their lowerploidy progenitors, or for answering questions about the origins of the higher-ploidy cytotype (e.g., Kreiner et al., 2017) . Autopolyploids with multiple documented origins are incredibly useful for identifying patterns of evolution following polyploidy that are stochastic or consistent between independent WGDs (e.g., Segraves et al., 1999; Servick et al., 2015) .
Systems with documented methods for resynthesizing autopolyploids, either through chemical means (e.g., colchicine, oryzalin, NO 2 ) or through fusion of unreduced gametes (as in Bretagnolle & Lumaret 1995) , are useful for determining the immediate effects of WGD and for inferring the evolutionary trajectories of established autopolyploid lineages following WGD. Systems with natural mixed-cytotype populations (e.g., Husband, 2004) provide an opportunity to examine interactions between cytotypes, and systems showing niche divergence between cytotypes (e.g., Visger et al., 2016) illuminate the functional ways in which autopolyploids can escape MCE or exploit new habitats. Systems with closely related allopolyploid species (e.g., Ng et al., 2012) are key to determining the consistent differences between auto-and allopolyploids. Systems with published genomes enable a wide variety of sophisticated genetic experiments (Arabidopsis Genome Initiative, 2000; Gan et al., 2011; Young et al., 2011; Tang et al., 2014) . Finally, systems with existing histories of genetic, ecological, physiological, or agricultural research are useful for identifying specific questions about the origins and consequences of autopolyploidy. Table 1 describes several systems that possess multiple extant cytotypes and a significant base of previous scientific research, as well as one or more of the other favorable characteristics described above. This table is certainly not a complete list-fern species are particularly lacking due to a relative lack of scientific attention, although autotriploid Astrolepis species (Beck et al., 2010) and autooctoploid Crytogramma bithynica (Metzgar et al., 2016 ) may prove to be interesting models. We consider the systems in Table 1 to be promising tools for rapidly closing the gaps in our understanding of autopolyploidy and of polyploid evolution in general.
